The traditional Chapman-Miller analysis for the solar, S, and lunar, L, geomagnetic variations is generalized by incorporating a time description of the seasonal changes of the harmonic coefficients. The modulation model consists of the sum of harmonic oscillators with basic carriers having the fundamental frequencies of the solar and lunar daily components, which are being amplitude and phase modulated by the annual variation and its harmonics. The solar cycle effect is a priori taken into account by using the daily sunspot numbers as an auxiliary input and including the Wolf ratios in the amplitude and phase terms. For the station Dourbes (Belgium), solar and lunar harmonics show a marked increase in amplitude from winter to summer, but the seasonal changes of L significantly exceed that of S. The phase shift from winter to summer in L is about three times that of S. The Wolf ratios of the Fourier amplitudes are of the same order of magnitude for both the S and L variations. Removal of the relatively important ocean dynamo contribution does not have an appreciable consequence for the determination of the seasonal changes and the sunspot cycle influence.
Introduction
The geomagnetic field measured at any point on the Earth as a function of time shows periodic variations due to atmospheric processes caused by the Sun and the Moon. Both S and L, respectively the solar and lunar daily geomagnetic variations, are commonly assumed to result mainly from electric currents generated by dynamo action in the ionosphere, which is generally a much better conductor during the day than during the night, except in the auroral regions. This dynamo is powered by tidal motions of the conductive layers of the ionosphere across lines of force of the Earth's magnetic field, the tides being of mainly thermal origin of S and of purely gravitational origin of L. The currents flow partly in the ionosphere, partly along lines of force, and also within the Earth itself as a result of induction. Moreover, the observed L variations contain a contribution from an ocean dynamo (Malin, 1970) .
Both the solar and lunar geomagnetic daily variations have been known to vary with season. The seasonal changes of S, particularly in its quiet day form, S q , have been studied in much detail, but the seasonal changes of L are less well known. Of particular interest is the contrast between the seasonal variations of S and L. It is also desirable to compare the changes of S and L with the solar cycle. That the sunspot cycle influences S has never been in doubt, but there is some incertitude over the response of L to the solar cycle.
A high-resolution spectral analysis of the geomagnetic data shows the splitting of the solar and lunar lines by the annual variation and its harmonics. The minor spectral peaks are attributed to a ∼27-day amplitude modulation of the solar diurnal line S 1 (Black, 1970) . The Chapman-Miller Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
(1940) method is generally used for the determination of the first four harmonics of the solar and lunar variations in the geomagnetic field. Important cyclic and seasonal changes are present in the Fourier amplitudes and phases (De Meyer, 1986) .
It is possible to interpret the main spectral peaks in the diurnal band and its harmonics in terms of amplitude and phase modulation of the solar and lunar lines. The associated modulation model is composed of the sum of harmonic oscillators, with basic carriers having the fundamental frequencies of S and L, respectively, which are being amplitude and phase modulated by long-term variations that can be described by a sum of trigonometric terms. The solar cycle influence is modelled by incorporating the effect of the daily sunspot numbers a priori in the amplitude and phase terms, thereby simulating the high degree of day-to-day variation in the harmonic coefficients.
The data used in this analysis consist of the hourly mean values of magnetic declination (D-component) , measured at the station of Dourbes, Belgium (50 o 06 N, 4 o 36 E) for the interval January 1, 1960 to December 31, 1999 . The values of D are given in minutes of arc and the first value of each day corresponds to 00.30 UT. At the dip latitude of Dourbes (51.7 o N), periodic variations in the frequency interval 0 to 4 cycles per day are most conspicuous in the declination, so that this magnetic element was chosen for the investigation.
Data and Spectral Analysis
With a view to analyse the frequency structure of the main solar frequency bands separately, the following data processing is performed on the original record of N = 350640 hourly readings. The power around the solar lines S n , n = 1, 2, 3, 4, is isolated by applying four different band-pass filters, each of total bandwidth 0.03 cycles/hour, having the property that the four resulting output sequences only contain the respective contributions of the input signal to the solar diurnal band and its main harmonics. The specific bandpass filter for the nth harmonic consists of 200 symmetrical impulse response weights and removes the constituents at the frequencies outside the tidal wave band (Winch and Cunningham, 1972) of the solar daily harmonic of frequency n cycles per mean solar day. The lunar variations are evidently maintained in the output series by this numerical procedure. The frequency responses of these band-pass filters are evidently taken into account when the amplitudes of the magnetic variations are determined. No phase shift is introduced by the symmetrical band-pass filtering.
Next, the four sub-sequences are summed and the resulting output is sampled by keeping every second point only, thus obtaining a time series of N /2 = 175321 bi-hourly data. Since observations are lost at the beginning and the end of the input record as a consequence of the filtering process, we end up with 175121 data which are restricted to the frequency range (0, 6) cycles/day (cpd). As a result, the high-frequency noise and the contributions outside the solar bands are severely attenuated. It is important to note that this band-pass filtering scheme acts as a trend-removal technique in the sense that the long-term trend, originating from the secular variation, is practically nullified.
To determine the fine structure of the solar frequency bands, a high resolution spectrum was computed using the Fast Fourier transform (FFT). Restricting the outcomes of the spectral analysis to the diurnal and semi-diurnal frequency bands, Figures 1 and 2 show sections of the amplitude spectrum around 1 and 2 cpd for the filtered declination data. The spectral peaks are conspicuously resolved because of the very extended horizontal scale as we have used a frequency resolution of 3.42 10 −5 cpd. Analysis at this resolution splits the solar diurnal and semi-diurnal peaks into lines S 1 and S 2 and sidebands at the frequencies (n + k/365.25) cpd, n = 1, 2; k = ±1, ±2, . . ., originating from the modulation of the solar daily variation by the annual fluctuation and its harmonics. Sidebands of S 2 up to the sixth order are seen in Fig. 2 . In general, these sidebands are denoted by S n,k , n = 1, 2, . . . ; k = ±1, ±2, . . . .
The investigation of small periodic variations with frequencies in the neighbourhood of the lunar lines is particularly enigmatic as it involves the identification of weak lines, clustered in the vicinity of the lunar waves L 1 and L 2 and yet in the presence of relatively strong noise in the solar bands. The two dominating lines in Fig. 2 for the semi-diurnal band Since there is an annual change in the mean ionospheric conductivity, splitting of the lunar semi-diurnal line is expected. The triplet of peaks at the frequencies (1.92954, 1.93227, 1.93501) cpd in Fig. 2 is exactly at the frequency of L 2 and its annual sidebands and they are accordingly denoted by (L 2,−1 , L 2 , L 2,1 ). This is clear evidence for an annual modulation in the L 2 lunar tide. Apparently the splitting of L 2 by the semi-annual variation is too weak to rise distinctly above the background noise. A minor term is also expected in the diurnal band at the frequency of the lunar wave L 1 . There is an indication in Fig. 1 of a triplet of lines at the frequencies (0.92954, 0.93227, 0.93501) cpd in the vicinity of the wave L 1 . These peaks are located exactly where the dynamo term L 1 and its annual sidebands would be expected. For this reason the lines are denoted by (L 1,−1 , L 1 , L 1,1 ). Together these spectral peaks in Figs. 1 and 2 almost certainly represent splitting of the lunar diurnal and semi-diurnal lines by an annual modulation mechanism. In general, the sidebands of L n are denoted by L n,k , n = 1, 2, . . . ; k = ±1, ±2, . . ..
The sidebands of the 1 cpd peak in Fig. 1 at the frequencies (1 + k/27) cpd, k = −1, 1, 2, 3, suggest a mechanism related to solar rotation (Black, 1970) . Owing to the recurrence tendency of magnetic storms and disturbances to repeat after a solar rotation there will be a ∼27-day period amplitude modulation of the solar diurnal magnetic variation. The sidebands of S n at the frequencies (n + k/27) cpd, k = ±1, ±2, . . ., due to the modulation by the ∼27-day recurrences and their harmonics, are denoted by R n,k in Figs. 1 and 2. Such modulation lines are clearly seen in Fig. 1 at frequencies above 1 cpd, but the asymmetry with respect to the frequency of S 1 is not predicted by a model requiring low-frequency modulation. The width of the 27-day modulation bands of S 1 , approximately 0.007 cpd, contrasts with the width of the solar diurnal peak of 7 10 −5 cpd, which is the natural width of a sinusoidal signal in the spectrum for the present length of data. This large bandwidth substantiates the view that these sidebands arise from the broad band solar rotation period.
Similar sidebands of the 2 cpd line S 2 are also expected. However, no prediction of the relative magnitudes of the two sets of sidebands can be made, so that the apparent absence of the sidebands of S 2 at (2±k/27) cpd in Fig. 2 does not disprove the solar rotation mechanism. The lunar semi-diurnal magnetic variation, L 2 , arises from the interaction of the lunar semi-diurnal tide and the mean ionospheric conductivity, and so this lunar line would be expected to show sidebands at (1.93227 ± k/27) cpd. However, the 27-day sidebands of the 1 cpd line S 1 have an amplitude less than 1/10 that of the 1 cpd line itself, and lines 1/10 of the amplitude of the lunar peak L 2 of circa 0.15 would be completely hidden by the background noise.
Harmonic Analysis of S q and L
The lunar variations, L, are given in terms of the amplitudes n and phase angles λ n of the first four harmonics L n , n = 1, 2, 3 and 4, and are represented by Chapman's phase law , where ν = t − τ is a measure of the phase (or age) of the Moon. Here t denotes mean solar time, reckoned in hours from local midnight, and τ is mean lunar time, measured in hours from local lower transit of the mean Moon. The L variations are masked by the much greater solar daily variations, S = n S n , which are similarly given in terms of the amplitudes s n and phases σ n of the main harmonics S n as follows:
The frequency of S n is n cycles per mean solar day and that of L n is n − 2/M, where M = 29.530588 is the number of solar days in a lunar month. The classical method of analysis is that of Chapman and Miller (1940) as detailed by Malin and Chapman (1970) . The main advantage of the Chapman-Miller method is its ability to analyse broken data sequences. To study the seasonal variation of S and L it is almost a tradition to separate the data into the Lloyd seasons (d -months: November to February; e -months: March, April, September, October; j -months: May to August).
The Chapman-Miller method also associates a probable error with the estimates of the amplitude and phase of a particular magnetic variation, which is used to judge the significance of the solar and lunar terms. The vector probable error of the harmonic S n of S with amplitude s n and phase σ n will be denoted by r n . Similarly, the L data consist of the pairs ( n , λ n ) and the vector probable errors ρ n . The results of a Chapman-Miller analysis are represented in Table 1 , giving the amplitudes, vector probable errors and phases of the solar and lunar harmonics, respectively. The first analysis uses all data irrespective of any criterion of selection, whereas the data are subdivided into the Lloyd seasons in the other three analyses. All probable errors are less than 0.02 . Note that the data are analyzed in terms of local time, which means that the phases σ n and λ n are not corrected for the longitude of the station to compensate for the difference between local time and Greenwich time.
From Table 1 , it follows that the solar harmonics S 1 and S 2 and the lunar harmonics L 1 and L 2 show an obvious increase in amplitude from d -months to j -months (winter to summer), the equinoctial amplitude being intermediate between the other two. Since this well-known effect is less conspicuous for the harmonics of higher degree, the further discussion and graphical representations will mainly concern the changes in the amplitudes and phases of S 1 , S 2 , L 1 and
The results of an harmonic analysis may also be represented in a graphical manner. For instance, the pair (s n , σ n ) defines a plane vector so that in a plane coordinate system the periodic component S n is represented by a point having the Cartesian coordinates (s n cos σ n , s n sin σ n ). The vector from the origin to this point has the length s n and its inclination to the horizontal axis is the phase angle σ n , measured in the counter-clockwise sense. Supposing that a scale of time is inserted on this harmonic dial (or vectogram), measured from the positive horizontal axis in the anti-clockwise direction, the vector which targets the point with polar coordinates (s n , σ n ) will indicate the time of the maximum of the sine wave of frequency n cycles per mean solar day.
Suppose that at time t, the n-th harmonic of the S and L variations in the frequency band considered is represented in a plane coordinate system by points with coordinates [
, respectively. A mean solar vector (s n , σ n ) and a mean lunar vector ( n , λ n ) can then be computed by taking the average of the individual dial vectors for a given time interval. In particular, the coordinates (s n cos σ n , s n sin σ n ) of the mean solar variation vector of the harmonic of degree n, defined by the point with polar coordinates (s n , σ n ), are obtained from the arithmetic means of s n (t) cos σ n (t) and s n (t) sin σ n (t).
Next, the 40 years of observations are divided into 12 monthly groups and the mean harmonic constants are obtained for each individual calender month. Figure 3 shows the harmonic dials of the month-by-month variations for the first and second harmonics of S and L. Mean dial vectors are also computed for the data grouped in the Lloyd seasons; the ' * ' in Fig. 3 indicate the mean dial vectors for the j-, e-and d-months. The vectograms in Fig. 3 show that the annual variation in the amplitude of S presents a maximum in summer with an important phase modulation of the solar daily variation during the year. There also appears to be a significant enhancement of the lunar tide in the j-months with a considerable phase shift of the L current system between local winter and summer. The total change in phase from winter months to summer months is of the order of 50 o in S and about 150 o in L. From the point of view of phase modulation, the seasonal variations of L differ markedly from those of S.
It is convenient to discuss the solar cycle effect on the solar and lunar daily variations in terms of the annual means of the daily dial vectors (s n , σ n ) and ( n , λ n ). The influence of the solar cycle on any of the harmonic terms, θ (which can be the annual means of either of s n , σ n , n or λ n ), is expressed numerically by a linear equation of the form
R is the annual mean sunspot number, which is considered here as a representative index of solar activity. The hypothesis of a linear relationship between the harmonic amplitudes and the sunspot number is implicitly based on the physical argument that the main effect of solar activity is to increase the ionospheric conductivity. No significant departures from linearity are found by Chapman et al. (1971) and Malin et al. (1975) . It is true that the amplitude of S increases with sunspot number but there is still some controversy over the response of L to R.
The constants A and B are determined by least squares fitting of a straight line to the annual means of θ and R. Here, M is the Wolf ratio (Chapman et al., 1971; Malin et al., 1975) ; 10 4 M represents the percentage change in θ that would accompany a change of R from 0 to 100, a fairly typical sunspot cycle. The probable error of M is deduced using the residuals from the best fitting straight line (Chapman et al., 1971) . Values of 10 4 M (± probable error) are given in Table 2 . Also included are the correlation coefficients r between the annual means of the amplitudes (s n or n ) and phases (σ n or λ n ) of S n and L n , n = 1, 2, 3, 4, on the one hand, and the annual means of the sunspot numbers, R, on the other hand.
The main harmonic terms show an increase in amplitude with increasing sunspot number for both S and L. Correlation coefficients and Wolf ratios of the phase angles of L are small, implying that the sunspot cycle effect on L is essentially an enhancement of amplitude. As for the solar variation, only the Wolf ratio of the phase angles of S 1 and S 3 appears to be significantly different from zero. Anyway, the Wolf ratios for σ 2 and σ 4 are below the acceptable significance level. The criterion for judging the significance of the Wolf ratio M is discussed by Chapman et al. (1971) .
Although S and L are both intensified at sunspot maximum, the results in Table 2 show that the increase of the amplitude of S 1 with sunspot number is about double that of the main harmonic L 2 of the L variation. The manifest differences between the solar and lunar Wolf ratios are not readily explained. From a study of 22 stations, the Wolf ratios for ionospheric E-region electron density 'were not only found to be remarkably constant for each station, in the course of the year, they were also found to be uniform the whole world over, the grand average being 0.0033 (Malin et al., 1975) .
The solar cycle influence on S and L has been debated in the past. Matsushita (1967) concludes that the current systems responsible for the solar quiet and lunar variations both flow in the E-layer of the ionosphere. Moreover, Matsushita and Maeda (1965) state that S and L are similarly influenced during the sunspot cycle. On the other hand, Malin et al. (1975) argue that S and L originate at different levels in the ionosphere and propose an F-region location for the external currents associated with L to account for the apparent differences between the response of S and L to R.
The lunar tidal movements in the ionosphere are gravitationally induced, so it is reasonable to assume the change of L with solar cycle to result purely from changes in ionospheric conductivity with R. Thus we might expect 10 4 M to be of the order of 33 for 1 and 2 . In fact, lunar Wolf ratios (resulting from non-thermal tides) are very different for L 1 and L 2 . Thus it appears that the main parts of S and L originate at different levels in the ionosphere (e.g., Green and Malin, 1971; Chapman et al., 1971; Malin et al., 1975) .
An adequate representation of the quiet daily variation is usually obtained with only four harmonics of S and L since the 24, 12, 8 and 6 h spectral components are shown to rise significantly above the background noise continuum for most observatories (Campbell, 1987) . Although the ChapmanMiller method gives a good reconstruction of the S q variation at a station when only quiet days are selected, the analysis merely obtains mean harmonic coefficients for a chosen time epoch. When the representative quiet variations are determined for each month of a year, a second Fourier analysis of these monthly coefficients for their annual and semi-annual changes during the year provides a set of cosine and sine coefficients for the quiet year at an observatory Campbell, 1987) .
The splitting of the solar and lunar lines in Figs. 1 and 2 demonstrates the seasonal modulation of the solar and lunar daily variations. Using continuous data so that the harmonic amplitudes and phases include the influence of all days, a spectral analysis of the daily Fourier constants can be performed to investigate the frequency structure of these daily sequences of harmonic parameters (De Meyer, 1986) . The Fourier coefficients show a long-term solar cycle contribution as well as a ∼27-day period amplitude variation originating from the solar rotation mechanism. The modulation model to be presented in the next section is a generalization of the traditional Chapman-Miller analysis in the sense that it incorporates directly the continuous time description of the seasonal variation of the harmonic coefficients. Moreover, the effect of changes in solar activity is taken a priori into account by inserting the time sequence of the daily sunspot numbers as a additional input.
Modulation Model
On close inspection of the spectra in Figs. 1 and 2 it is possible to interpret the extra peaks in the frequency band of the nth harmonic of S and L in terms of amplitude and phase variations of a sum of two harmonic oscillators with basic carriers at the frequencies of S n and L n , respectively. The sidebands of S n are created by the main harmonics of the annual and 27-day modulation periods. Splitting of the lunar peaks L n by an annual and semi-annual modulation, as well as a sunspot cycle contribution, will be incorporated in the modulation model to be presented.
The model we propose to fit to the band-pass filtered declination data, D(t), is a logical extension of the ChapmanMiller harmonic analysis procedure. Writing D(t) = S(t) + L(t), the combined luni-solar daily variation is a superposition of the solar model, S(t), and the lunar component, L(t), which are represented by
and
respectively. Here, t denotes local solar time in hours. The time origin t = 0 is chosen at the starting point of the observation interval, so that the phases σ n (t) and λ n (t) relate to January 1, 1960, 0 h . The corresponding periods of the fundamental solar and lunar variation lines are
It is emphasized that a model for a variable mean of the data, as considered by De Meyer (1998) for the Wolf sunspot numbers, is not needed in this context since the band-pass filtering in the data processing effectively removes the long-term trend. Nevertheless, the arithmetic mean of the band-pass filtered observations is eliminated.
In general, the amplitude modulation part, s n (t), and phase modulation constituent, σ n (t), of the solar variation component are described by an harmonic model of the form
where R(t) denotes the daily sunspot number at time t, which is taken to be the same for all hours of the day. For the lunar variations we have an analogous representation:
The associated modulation periods will be denoted by
.242199 days for the tropic year (Winch and Cunningham, 1972) , i.e., the period of variation of the mean longitude h of the Sun, the modulation periods in this context are:
. .. Note that we have not considered the modulation periods T n,k and T λ n,k for k = 3 and k = 4, which means that the seasonal change of the L variation is only described by the first and second harmonic of the annual variation (i.e., N s n = N σ n = 4 and N n = N λ n = 2, n = 1, 2, 3, 4).
Using Eq. (3), the solar cycle effect on the solar and lunar daily variations is estimated a posteriori by the Wolf ratios M for the amplitudes and phases obtained by the harmonic analysis. Since we assume a linear dependence on the sunspot numbers R, the Wolf ratios M s n , M σ n , M n , and M λ n are now introduced a priori as extra optimization parameters in Eqs. (6), (7), (8), and (9) for the amplitudes and the phases of S n and L n . To make the results for s n,o , σ n,o , n,o and λ n,o independent of solar activity the arithmetic mean is eliminated from the sequence of sunspot numbers.
The value of λ n , defined in Eq. (1), is based on local lunar time and local solar time, whereas the lunar variation model, L(t), in Eq. (5) is completely described in terms of local solar time. This implies that a correction 2ν o is made to the phase λ n (t) in Eq. (9), where ν o is the value of the lunar phase ν at the initial date of the observing interval (here 2ν o = 62.011 o ). In this way the resulting values for λ n,o will be directly comparable with the values of the phases λ n obtained by the Chapman-Miller harmonic analysis.
In consequence, spectral contributions will appear at the frequencies ω
arising from the amplitude and phase modulation of the solar line S n (Coulson, 1955) .
Likewise, sidebands of the lunar line L n will be generated at the frequencies ω
As a result, sidebands of more than the fourth order would be created, even if N s n and N σ n are 4 and N n and N λ n are 2. For instance, sidebands of the solar semi-diurnal line, S 2 , up to the sixth order are noticed in the amplitude spectrum in Fig. 2 . This could explain the different observed amplitudes of the symmetrical sidebands, respectively surrounding the lines S 1 , S 2 , L 1 and L 2 in Figs. 1 and 2, because different amplitude and phase modulation periods may contribute power to the same frequency. The fundamental concept of the modulation model therefore consists of the sum of harmonic oscillators with basic carriers having the primary frequencies (ω S n and ω L n , n = 1, 2, 3, 4) of the solar and lunar daily variations, respectively, which are being amplitude and phase modulated by fluctuations that can be described by a sum of trigonometric terms with frequencies fixed by the annual variation and its harmonics. Representing the solar cycle contribution by the daily sunspot numbers in a way which is compatible with Eq. (3), Wolf ratios for the amplitudes and the phases of the solar and lunar variations are introduced as additional regression coefficients to be optimized together with the other model parameters. This means that the effect of changes in solar activity on the harmonic terms is incorporated by using the sunspot numbers as a supplemental input into the modulation model. (Malin et al., 1975) .
These starting approximations are used for a non-linear optimization of the model parameters, which are estimated by minimizing the sum of squares of the differences between the filtered declination data and the sum of the synthetic values S(t) and L(t) obtained from Eqs. (4) and (5). For a detailed description of the theoretical basis of the maximum neighbourhood technique the reader is referred to Marquardt (1963) . Moreover, as the computer program obtains and improves an approximation to the first derivative matrix following the ideas of Broyden (1967), Marquardt's method also provides standard errors of the parameter estimates.
Results of the Modulation Model
The optimized parameters of the modulation model for the declination data are summarized in Table 3 and Table 4 , respectively for the solar and lunar variations, and the Wolf ratios (±probable error) are compiled in Table 5 . The number of digits is large relative to the expected confidence intervals of the physical parameters and only relate to the computer output. The columns refer to the standard errors of the estimated parameters by the non-linear optimization method. Note that the phases are not corrected for the longitude of the 6 show the residual periodograms, converted to amplitude on the ordinate scale, around 1 and 2 cpd, respectively. These diagrams are to be compared with Figs. 1 and 2 . Whereas the residual spectra in Figs. 5 and 6 contain some small peaks, the signal-to-noise ratio in the peaks is of the order of 10 and it is concluded that the filtered declination data are essentially reduced to white noise by the algorithm. 
Discussion
The models S(t) and L(t) in Eqs. (4) and (5) can be thought of in geometrical terms, as, for example, with the aid of vector diagrams. For instance, the solar term S(t) is specified by the time variation of the amplitudes s n (t) and the associated phase angles σ n (t). At time t, the n-th harmonic of the S and L variations is represented in a plane coordinate system by points with coordinates [s n (t) cos σ n (t), s n (t) sin σ n (t)] and [ n (t) cos λ n (t), n (t) sin λ n (t)], respectively. To proceed with a coherent notation the constituents of the solar and lunar variation models S(t) and L(t) will now be denoted in the frequency band n as S n and L n , respectively. The symbols [s n (t), σ n (t)] used in the modulation model (4) will be interpreted as the variation in time of the harmonic coefficients (s n , σ n ) for S n . In like manner, [ n (t), λ n (t)] are related to ( n , λ n ) for L n . A mean solar dial vector (s n , σ n ) and a mean lunar vector ( n , λ n ) can then be computed by taking the average of the dial vectors for a given time interval. The day-to-day variability of the dial vectors [s n (t), σ n (t)] and [ n (t), λ n (t)] is shown in the vectograms of Fig. 7 .
We computed the mean dial vectors for the three Lloyd seasons j, e, d, which are also shown in Fig. 7 ; moreover, the mean amplitude and phase for the S and L variations were obtained using all data. As a measure of the seasonal variation in a form suitable for comparison between S and L, we adopt the ratio of the seasonal amplitude to the overall amplitude; the difference between the seasonal phase and the mean phase is also examined. The seasonal amplitude ratios and phase differences of S and L are given in Table 6 .
For S 1 and S 2 , the amplitudes behave as expected, being greatest for the summer months and least for the winter months. The mean ratio of summer to winter amplitude (obtained from the summer/mean and winter/mean ratios) are 2.06 and 2.18 for S 1 and S 2 , respectively. It is interesting to see that the e -month amplitude only slightly exceeds the overall mean amplitude. As was found for S, the lunar harmonics L 1 and L 2 for the magnetic declination also show a marked increase in amplitude from d -months to j -months, the equinoctial ratio being again intermediate between the other two. The amplitude ratio of L 2 in Table 6 is always smaller than the corresponding ratio of L 1 . The percentage change in amplitude from summer to winter is about the same for S 1 and S 2 , but it is greater for the L variation, the summer to winter ratio being 2.89 and 3.85 for L 1 and L 2 , respectively. Comparing these values with the corresponding ratios for S 1 and S 2 we conclude that the amplitude ratios for L are some 50 per cent greater than the solar ratios. This result confirms that the seasonal change of L noticeably exceeds that of S. Figure 7 displays the explicit increase in amplitude of the solar and lunar variations from winter to summer. The phase angles of S 1 and L 1 vary in the clockwise sense from dmonths to j -months (maximum earlier in summer, later in winter), whereas the phases of S 2 and L 2 vary in the opposite sense. Also, the exceptional change in phase of L 2 from d - months to j -months is obvious. The total change in phase from winter months to summer months is of the order of 50 o in S and about 140 o in L. Consequently, there exists an important phase change in the L current system between local winter and summer and it is about three times that of the S system.
The effect of solar activity on the amplitude and phase of the solar and lunar variations, obtained from a ChapmanMiller harmonic analysis, is estimated a posteriori by the Wolf ratio M in Eq. (3). Postulating a linear relationship between the annual means of the harmonic coefficients and the annual sunspot numbers the Wolf ratio is defined as the ratio of the least squares estimates of the slope B and the intercept A. In this way the results in Table 2 were obtained. However, S and L present an important seasonal variation and also depend significantly on the sunspot number, whereas the linear equation is fitted to data where both effects intervene. As can be seen from Table 6 , the amplitudes and phases of the S and L variations exhibit a strong seasonal dependence. Even if the slope B is found to be the same for the three Lloyd's seasons, the intercept A would exhibit a strong seasonal dependence and the Wolf ratio M would be concluded to be largely dependent on the season.
On the other hand, Wolf ratios are incorporated a priori in the time description of the amplitude and phase terms in the modulation model through additional regression coefficients and are optimized independently by minimizing the residual sum of squares. In this way the Wolf ratios in Eqs. (6), (7), (8), and (9) are only indirectly related to the intercepts s n,o , σ n,o , n,o , and λ n,o , respectively. In consequence, the numerical outcomes of the estimation of the sunspot cycle effect on the solar and lunar daily variations, respectively obtained by the harmonic analysis and the modulation model, may turn out to be different.
The Wolf ratios estimated by the modulation model are summarized in Table 5 . The standard errors of the M values are unexpectedly small. However, computational problems frequently arise in non-linear minimization techniques when calculating adequate error estimates for the optimized model parameters. After the observational equations have been linearized by retaining only the terms through the first derivative in a Taylor expansion, changes of the model parameters are determined using a least squares procedure. These changes are then added to the previous parameters, and the iteration scheme is continued until the desired convergence of the residual sum of squares is reached. Denoting by F the estimated first derivative matrix of the original set of non-linear observational equations with respect to the model parameters (Broyden, 1967) and by F the transpose of F, the inverse (F F) −1 of the cross-product matrix F F is used to estimate the linearized covariance matrix for the parameters. It is often found that the normal matrix F F is ill-conditioned near the minimum of the objective function in parameter space (Tarantola and Valette, 1982) , leading to poorly estimated standard errors for the model parameters. Therefore, truncation of the numerical outcomes to significant digits was avoided.
From Table 5 it follows that the values of 10 4 M for the amplitude of the L variations are only slightly greater than the corresponding Wolf ratios for the S variations, ratifying the view of Matsushita and Maeda (1965) that S and L are similarly influenced during the solar cycle. However, non-linear optimization problems may be very sensitive to the choice of the starting estimates of the model parameters. With a view to check the initial value effect, the non-linear iteration procedure was restarted by varying the initial approximation to the Wolf ratios M in the neighbourhood of 0.0033, which is the mean value for ionospheric E-region electron density (Malin et al., 1975 ). Yet, it was found that starting values differing up to 10 per cent of 0.0033 resulted in nearly the same Wolf ratios as compiled in Table 5 . The Wolf ratios of the phase angles σ n and λ n are small, implying that the solar cycle effect on S and L is essentially an enhancement of amplitude. This is confirmed by the harmonic dials in Fig. 8 showing the long-term solar cycle contribution to S and L.
As a matter of fact we will now follow the same procedure as outlined in Section 3, and estimate the seasonal change of the Wolf ratios from the output of the modulation model by the procedure described in Section 3. The intercepts, A, slopes, B, and Wolf ratios, M, are compared in Table 7 . As could be expected the overall values of 10 4 M for the amplitude of S n are found to be of the order of 33. Hence, the sunspot cycle enhances the amplitudes of the solar harmonics in the same proportion. The value of 10 4 M for the ampli- tude of L n is somewhat smaller. Because of the coincidence of these figures with the corresponding value of 0.0033 for the Wolf ratio M of the electron density in the ionospheric E-region (Malin et al., 1975) it is traditionally accepted that the overhead S q and L current systems are located in the Eregion. In this respect the solar cycle effect on the amplitudes of the S and L variations can be entirely attributed to changes of the E-layer conductivity. Also very striking is the change of the Wolf ratio during the year in Table 7 . The maximum of M for s 1 and s 2 occurs during the d -season, when M exceeds the j -value by a factor of more than 2. A similar effect is present in the M values for 1 and 2 , the Wolf ratio being about three times greater in winter than in summer. Since the Wolf ratio for E-region electron density is found to be remarkably constant in the course of the year (Malin et al., 1975) , the solar cycle effect in winter is larger than can be explained by changes in ionospheric conductivity alone.
Moreover, the lunar tidal movements in the ionosphere are gravitationally induced and are therefore not expected to vary appreciably with sunspot number, so it is reasonable to assume the change of L with solar cycle to result purely from changes in ionospheric conductivity with R. Thus we might expect 10 4 M to be of the order of 33 for 1 and 2 . But the slopes, B, of the amplitudes of S and L in Table 7 are essentially the same for the three Lloyd seasons, whereas the intercepts, A, change considerably through the year. This seasonal variation of the intercepts seems to be the reason for the different estimates of the Wolf ratios M obtained by the ratio B/A in Eq. (3). The same conclusion can be reached for the phases of the S variation but for the phases of L the outcome is indistinct.
The observed lunar daily variation, L, contains contributions from the ionospheric dynamo, and also from an ocean dynamo powered by the tidal motion of the sea across the Earth's main magnetic field. Because the modulation model incorporates four harmonics of L we can apply the method of Malin (1970) for the separation of the contributions from the two dynamos. The amplitude, O , and phase, λ O , of the ocean dynamo variation
The ionospheric dynamo part, L I , of the L 2 variation is described by L I = I sin (2τ + λ I ), where the amplitude, I , and the phase, λ I , are obtained by
I sin λ I = −( 1 sin λ 1 + 3 sin λ 3 + 4 sin λ 4 ).
Thus, the ionospheric dynamo part of L consists of the contribution of the terms L 1 , L I , L 3 and L 4 . Using the results of the Chapman-Miller analysis in Table 1 it is found that the amplitude O = 0.123 ± 0.015 of the ocean dynamo effect, L O , is well determined at the inland station of Dourbes at about 180 km from the North Sea and is comparable to the amplitude I = 0.137 ± 0.014 of the ionospheric dynamo part, L I . So there is a relatively important ocean dynamo contribution to the total lunar daily variation at the station and this effect should be removed before studying time variations of L. It is interesting to see how this constant amplitude constituent, L O , in the measured amplitude of L 2 could affect the Wolf ratios M n and M λ n when the influence of the nighttime tide is eliminated by subtracting the single harmonic term O sin (2τ + λ O ) from the original observations. As After elimination of the ocean dynamo effect, the results for c n,k , ϕ n,k , c λ n,k and ϕ λ n,k are found to be nearly the same as those given in Table 4 , which implies that the seasonal variation parts in the second terms in the right-hand side of Eqs. (8) and (9) are virtually unchanged by removal of the ocean dynamo contribution from the observations. From Table 8 it follows that only the mean amplitude, 2,o , of the dominant L 2 harmonic is significantly changed. The values of 10 4 M n for the sunspot number influence on the amplitude of the L variation are somewhat reduced with respect to the values given in Table 5 and are now of the order of the magnitude of the Wolf ratios 10 4 M s n for the solar variation, whereas the factors 10 4 M λ n remain small. So it is concluded that the ionospheric part of L comprehends almost the same Wolf ratios as S. The Wolf ratios for both L and S are of the same order of magnitude for all harmonic numbers n, which means that the Wolf ratios are nearly independent of frequency.
Conclusions
A spectral analysis is performed to determine the components of the solar and lunar variations present in the Dourbes magnetic declination record, data for a period of 40 years being used. The amplitude spectrum shows prominent solar peaks at 1, 2, 3, 4 cycles/day (cpd), and lunar peaks at 0.93227 cpd and 1.93227 cpd. The high resolution spectral analysis also displays splitting of the solar diurnal and semi-diurnal lines, S 1 and S 2 , by the annual variation and its harmonics, and an annual splitting of the lunar semidiurnal line, L 2 . Sidebands of the solar diurnal peak S 1 at (1 ± k/27) cpd, k = 1, 2, 3, are attributed to an amplitude modulation mechanism related to solar rotation.
The extra peaks in the solar frequency bands are interpreted in terms of amplitude and phase modulation of the main dynamo constituents by the annual variation of ionospheric conductivity. As a generalization of the harmonic model used in the Chapman-Miller analysis it is possible to describe the solar and lunar geomagnetic variations in continuous time as phenomena of the modulation type and thus give up the idea of periodic behaviour that is resolved into a discrete set of amplitudes and phases of pure harmonic waves. The fundamental concept of the modulation model consists of the sum of harmonic oscillators with basic carriers having the primary frequencies of the solar and lunar daily variations, which are subjected to amplitude and phase variations that can be represented by a sum of trigonometric functions with frequencies given by the harmonics of the annual variation. The effect of changes in solar activity is explicitly taken into account by incorporating the daily sunspot numbers as an additional input into the modulation model.
The solar and lunar daily variations exhibit important seasonal amplitude and phase modulations. When the data are examined month by month, some striking changes are found in the solar magnetic variation resulting from thermal tides and also in the lunar tides, involving an exceptional phase shift between local winter and summer with rapid changes in the equinoctial months. From the point of view of amplitude amplification, the enhancement of L from winter months to summer months significantly exceeds that of S. The phase change in the lunar current system between local winter and summer is more than twice that of the S system.
The long-standing question of whether S and L respond similarly to the sunspot cycle is re-examined using 40 years of data and ranging over nearly four solar cycles. Therefore, intermediate values of R between sunspot minimum and sunspot maximum are included so that the outcomes may be interpreted to be fairly representative of the average solar cycle influence on S and L. The sunspot cycle influence on the amplitude and phase of the solar and lunar variations is estimated a priori by incorporating the Wolf ratios in the modulation model as additional regression parameters. The Wolf ratios for the amplitude of the S and L variations are found to be nearly the same, but no systematic changes in the phase angles with increasing sunspot number are discernible, implying that the solar cycle effect on S and L is essentially an enhancement of amplitude. As the analysis only uses the data from one magnetic observatory, no affirmative statement concerning the possible different response of S and L to sunspot number can be made.
The amplitude of the ocean dynamo contribution to the lunar daily variation is relatively large in the magnetic declination data for a station at a distance of about 180 km of the coast, and is comparable to the ionospheric dynamo amplitude. Lunar Wolf ratios for the sunspot cycle influence are of the order of the Wolf ratios associated with the solar variation when the ocean dynamo effect is separated from the lunar daily variation. Then the lunar Wolf ratios are reduced by about 10 per cent. observatory of Dourbes for producing a virtually gapless record of high quality hourly magnetic data over the past 40 years. The author is very indebted to the referees for useful comments.
